Klps are typically, but not exclusively, plus end-directed motors. They range in structure from monomers to heterotetramers (Cole and Scholey, 1995) and have recently been grouped into eight subfamilies (Moore and Endow, 1996) . Klps often contain sequence differences in their tail domains, thought to reflect differences in their cargo-binding ability. We have previously identified four novel klps in Xenopus oocytes (Vernos et al., 1993) . Initial in vivo analyses of Xklp1 (Xenopus kinesin-like protein 1) (Vernos et al., 1995) and Xklp2 (Xenopus kinesin-like protein 2) (D. R., unpublished data) revealed that both are required for normal mitotic divisions in Xenopus embryos. Reduction of either of these proteins caused an arrest in the first few cleavages of the developing embryos. Furthermore, in vitro studies showed that Xklp1 is required for normal spindle assembly and chromosome positioning (Vernos et al., 1995) , and that Xklp2 is required for centrosome separation (Boleti et al., 1996) .
Although previously Xklps have been shown to be Northern and Western blot analysis. An oligo (Xklp1-A) directed against part of the nonconserved 5Ј region of the Xklp1 mRNA was effective at depleting this mRNA, The most important control for oligo-mediated deplebut not that of another kinesin-like protein Xklp2 ( Figure  tion of an mRNA is to show that its effects can be res-1A). This resulted in a reduction of Xklp1 protein in the cued by subsequent injection of the target mRNA. To oocytes ( Figure 1B ). The prominent yolk protein which do this we used a modified form of the Xklp1 mRNA sometimes appears upon exposure of the Western is (Vernos et al., 1995) containing third base alterations in used here as a loading control ( Figure 1B ). Another antithe region of the mRNA targeted by the oligo. This mRNA sense oligo (Xklp1-B) directed against a different region thus codes for the same protein (lane 4, Figure 1B ). of Xklp1 mRNA also depleted the mRNA (data not However, unlike the endogenous mRNA, it is not deshown) and resulted in a reduction of the amount of pleted by the oligo (lanes 3 and 4, Figure 1A ). The rescuprotein ( Figure 1B ) in oocytes.
ing mRNA lacks Xklp1 5Ј and 3Ј untranslated regions As one of the controls for specificity in these experi-(UTRs) but instead contains Xenopus ␤-globin UTRs and ments, we wished to show that the Xklp1 oligos did not thus migrates faster on gels ( Figure 1A ). deplete the mRNA of a related protein, Xklp2. In addition, we wanted to show to what extent the effects of depleEffects of Xklp1 and Xklp2 mRNA Depletion tion of Xklp1 are specific, by comparing these with the in Fertilized Embryos effects of depleting a different, but related, protein. For Oocytes were injected with antisense oligos against these reasons we used oligos against both Xklp1 and Xklp1 or Xklp2 and fertilized by the host transfer techXklp2 to show that each did not deplete the mRNA (and nique (Holwill et al., 1987) . As shown previously, depleprotein) of the other. Figure 1 shows that the Xklp1 oligo tion of Xklp1 caused cleavage abnormalities (Vernos et does not deplete Xklp2 mRNA ( Figure 1A) or proal. 1995) . We found that depletion of Xklp2 also caused tein ( Figure 1C) . Furthermore, an oligo against Xklp2 cleavage abnormalities similar to those caused by (Xklp2-A) depletes its target mRNA ( Figure 1C ) and redepletion of Xklp1 (data not shown). Fertilized eggs were duces the level of protein ( Figure 1C ), but does not affect Xklp1 mRNA (data not shown) or protein ( Figure 1C ).
allowed to develop until control embryos reached the hr to achieve full aggregation. In the absence of cleavage divisions, the germ plasm aggregated into one or more masses in the center of the vegetal hemisphere, rather than into each of four cells. Thus, cell division is not necessary for aggregation. This new method for assessing germ plasm aggregation allowed us to generate a higher number of specimens and thus quantitate effects more accurately. Antisense oligos directed against either Xklp1 mRNA or Xklp2 mRNA were injected into oocytes, which were then matured with progesterone overnight, prick-activated, and stained with MitoTracker to follow germ plasm movements. Only oocytes that were definitively activated, as assessed by cortical contraction and vitelline envelope swelling, were further analyzed. The germ plasm was seen as hundreds of small fluorescing islands in the vegetal hemisphere of unpricked oocytes ( Figure  3A ). By 3.5 hr after prick activation, aggregation was complete in uninjected ( Figure 3B ) and Xklp2-depleted ( Figure 3C ) oocytes, but was only partial in Xklp1-depleted oocytes ( Figure 3D ). Samples from these experiments were fixed, sectioned, and stained with antivimentin. The vimentin staining mirrored the MitoTracker dye in both uninjected (Figures 3E and 3F) and Xklp1 mRNA-depleted ( Figures 3G and 3H ) oocytes, showing that other components of the germ plasm, as well as mitochondria, were affected by Xklp1 depletion. Thus, the loss of Xklp1 mRNA and corresponding reduction of Xklp1 protein caused an arrest in the normal aggregation process of the germ plasm. To quantitate this effect, we divided germ plasm aggregation into three stages; little to no aggregation (as Both uninjected (A) and Xklp2-depleted (not shown) embryos all contained germ plasm aggregates, seen in this section by antiin Figure 3A ), partial aggregation (as in Figure 3D ), and vimentin staining. No large aggregates could be found in Xklp1 full aggregation (as in Figures 3B and 3C ). Activated mRNA depleted embryos (B). However, small bits of staining (arrow) oocytes were assigned to one of these three categories could be found in some specimens. Scale bars ϭ 100 m.
and counted in several experiments. The means and standard errors were calculated from several separate experiments and are presented graphically (Figure 4 ). 32-cell stage, then were fixed and serially sectioned Some of the experiments were scored blind to avoid through the vegetal hemisphere. Sections were then biasing the results. Two different antisense oligos stained with an antibody against Xenopus vimentin (Tor-(Xklp1-A and Xklp1-B) directed against different regions pey et al., 1992) to identify germ plasm. In two separate of the Xklp1 mRNA, showed the same degree of germ experiments, we found no aggregated germ plasm in plasm aggregation arrest in oocytes (Figure 4 ). Of the 12 out of 13 Xklp1-depleted embryos. Only occasional oocytes, 60%-75% fell into the partial aggregation catesmall spots of staining were seen amongst the yolk gory ( Figures 3D and 4) . In contrast, a sense oligo platelets ( Figure 2B, arrow) . However, the same number (Xklp1-S) complementary to Xklp1-A, did not have this of uninjected (Figure 2A) or Xklp2-depleted (data not effect as ‫%57ف‬ of the oocytes displayed complete agshown) embryos all contained large masses of aggregregation ( Figure 4) . Similarly, both uninjected and gated germ plasm in the vegetal region.
Xklp2-depleted oocytes showed complete aggregation in >75% of cases (Figure 4 ). The depletion of Xklp2 Effect of Xklp1 Reduction in Activated Oocytes mRNA did have an effect on embryos after fertilization, Serial sectioning was cumbersome, so we developed a however. It blocked the early mitotic divisions (data not novel assay for germ plasm aggregation in order to betshown). The results seen here therefore represent differter quantitate the effect. It had been shown previously ential effects of depletion of these two related mRNAs. that germ plasm aggregation will take place in artificially Xklp1 is required for both mitosis (Vernos et al., 1995) activated, unfertilized eggs (Ressom and Dixon, 1988;  and germ plasm localization, while Xklp2 is required for Savage and Danilchik, 1993) . We found that it would mitosis (Boleti et al., 1996 ; D. R., unpublished data) but also occur in oocytes that had been matured in vitro not for germ plasm aggregation. with progesterone, and then pricked with a tungsten or
The effect of depletion of Xklp1 mRNA on germ plasm glass needle. Aggregation was monitored live by stainaggregation in prick-activated oocytes can be rescued ing germ plasm with the vital dye for mitochondria, chloalmost completely by subsequent injection of the modiromethyl X-rosamine (MitoTracker, Molecular Probes, fied Xklp1 mRNA ( Figure 5 ). The numbers for one rescue Inc.). The aggregation process occurred at a slightly experiment showing the number of oocytes in each aggregation category are seen in Figure 5D . Injection of 7 slower rate than in embryos, usually taking about 3-4 ng of Xklp1 mRNA into Xklp1-depleted oocytes caused and Danilchik, 1993), it has not been shown that germ plasm associates directly with microtubules during loan increase in the number of oocytes in the full aggregation category from 6.25% to 53% of the totals for that calization. Furthermore, we wanted to ensure that the effect of Xklp1 depletion was not secondary to a general experiment. The percentage of Xklp1 mRNA-depleted oocytes falling into the partial or little aggregation cateeffect on microtubules.
Confocal images from a prick-activated oocyte, dougory is somewhat different than in Figure 4 , as these percentages can vary slightly among different batches ble stained with MitoTracker for germ plasm and antitubulin, show that aggregated germ plasm contains a of oocytes. Four repeats of this experiment reflected the same degree of rescue. Rescued oocytes (Figure microtubule network that is much denser than, but continuous with, the surrounding network in the vegetal 5C) displayed more aggregation than Xklp1-depleted oocytes ( Figure 5B ) and often showed a great enough cytoplasm ( Figure 6A ). The fixation and staining protocol has been optimized for analysis of microtubules in Xenoincrease in aggregation to be counted as fully aggregated, although the germ plasm did not always form a pus and reveals that the germ plasm is clearly embedded in a network of microtubules. When single compact mass as in controls ( Figure 5A ). Injection of Xklp1 mRNA alone did not have an effect on aggregaviewing only the microtubules, the position of the aggregated germ plasm can be predicted by its increased tion ( Figure 5, table) .
concentration of microtubules ( Figure 6B ). This confirms earlier reports, using conventional microscopy, of inThe Association of Germ Plasm with Microtubules during Aggregation creased tubulin concentrations in germ plasm . It is clear from these micrographs that germ Next, we studied the spatial relationship between germ plasm and microtubules during aggregation. Although plasm is directly associated with microtubules during aggregation. The microtubule network in unpricked ooit has been shown previously that drugs that disrupt the microtubule cytoskeleton block germ plasm localization cytes ( Figure 6C ) was compared with the network in an oocyte depleted of Xklp1 ( Figure 6D ). The microtubule in Xenopus embryos (Ressom and Dixon, 1988; Savage Depletion of Xklp1 mRNA and reduction of Xklp1 protein, using two antisense oligos (Xklp1-A, Xklp1-B) directed against different regions of the RNA, causes a high percentage of prick-activated oocytes to display an arrest of germ plasm aggregation. The sense oligo Xklp1-S does not cause an arrest. Depletion of Xklp2 mRNA via oligo Xklp2-A also does not cause an arrest of aggregation. A scoring system was established such that activated oocytes were assigned to one of three categories 4 hr after activation: full aggregation (as in Figure 3B ), partial aggregation (as in Figure 3D ), or little to no aggregation (as in Figure 3A) . Results in the graph for unin- Figure 5 . The Germ Plasm Aggregation Arrest Can Be Almost Comjected and Xklp1-A injected oocytes are a compilation of 6 individual pletely Rescued by Injecting Full-Length Xklp1 mRNA experiments (117 uninjected oocytes, 120 Xklp1-depleted oocytes).
Prick activated oocytes from a representative experiment show that Results for Xklp1-S, Xklp2-A, and Xklp1-B injected oocytes are from the germ plasm in rescued oocytes (C) often aggregates much more 3 separate experiments (65 Xklp1-S injected oocytes, 46 Xklp2-A than in Xklp1-depleted oocytes (B), but does not quite reach the injected oocytes, 64 Xklp1-B oocytes). Finally, an antisense oligo, extent of aggregation found in uninjected controls (A). The table (Xklp1-At), that has the same sequence as Xklp1-A but contains a presents data from an individual rescue experiment in which 7 ng thioate modification instead of an amidate modification, also causes of full-length Xklp1 mRNA was injected into oocytes that had been an arrest of germ plasm aggregation (data not shown).
depleted of Xklp1 mRNA via 0.8 ng Xklp1-A oligo. The mRNA alone does not affect aggregation. Four other experiments gave similar results. Scale bars ϭ 200 m.
network is identical in all cases examined, and thus appears unaffected by Xklp1 depletion.
Xklp1 Protein Is Present in Germ Plasm
amount of protein observed has been determined to be due to a lack of penetration of the antibody. In oocytes during Aggregation Xklp1 protein could be required for the transport of germ injected with Xklp1 mRNA, the staining was much brighter and the concentration of the dots was inplasm materials along microtubules during aggregation. Alternatively, since we saw an increased microtubule creased, both in germ plasm and elsewhere ( Figure 7D) . Control experiments in which the primary antibody was concentration in the aggregated germ plasm, the protein could be required for inter-microtubule interactions that omitted were unstained (data not shown). would allow the germ plasm islands to contact each other. To help to distinguish these possibilities, we studDiscussion ied the distribution of Xklp1 protein in the germ plasm region of fixed whole-mounted oocytes, using two preResults presented here indicate that Xklp1 is required in the egg cytoplasm for the correct localization of germ viously characterized antibodies (Vernos et al., 1995) . Xklp1 was found in small punctate dots concentrated plasm in Xenopus. This was shown by the depletion of maternal mRNA coding for Xklp1 and the corresponding in germ plasm, but was also found elsewhere in the cytoplasm of the vegetal pole ( Figures 7A-7C ). Xklp1 arrest in germ plasm aggregation. We provide the following controls for specificity of this effect. First, the correprotein was seen in the germ plasm in unpricked oocytes ( Figure 7A ) and throughout the aggregation process sponding sense oligo had no effect. Second, depletion of the related Xklp2 protein did not affect germ plasm ( Figures 7B and 7C) . In completely aggregated germ plasm, the staining is lighter and the appearance of the aggregation, even though it did affect cell division. Third, two different oligos against the Xklp1 mRNA had the dots is less concentrated; however, as the germ plasm has begun to ingress already, the decrease in the same effect, making it very unlikely that each of them is having the effect by depleting a different mRNA. slower rate than in embryos, and the absence of cleavage divisions led to one or more large masses beneath Lastly, we showed that the effect can be reversed by injecting a form of Xklp1 mRNA that cannot be destroyed the vegetal pole. We tracked these movements using the fluorescent mitochondrial dye choromethyl X-rosamine. by the oligo. Together, these controls make it extremely unlikely that the effects observed are due to general
We showed that it is unlikely that the movements observed solely represented mitochondrial movements (as oligo toxicity or to the depletion of a different mRNA. Thus, Xklp1 plays a nonredundant role in cytoplasmic opposed to all other germ plasm components), by double staining specimens with anti-vimentin. We found that localization in development.
Analyzing germ plasm aggregation was made easier vimentin and MitoTracker colocalized exactly, both in nonaggregated and aggregated germ plasm. In addition, by being able to track the movements in prick-activated matured oocytes. It has been shown previously that pigment granules coaggregated with mitochondria in uninjected and Xklp2-depleted oocytes. It is known that germ plasm aggregation will take place in unfertilized eggs, activated in vitro (Ressom and Dixon, 1988; Sav- pigment granule aggregation in the vegetal hemisphere is a visible marker of aggregating germ plasm (Ikenishi age and Danilchik, 1993) . We started with oocytes and showed that germ plasm aggregation could also be foland Nakazato, 1986). Germ plasm aggregation occurred to a much greater lowed in them after in vitro maturation and prick activation. This eliminated the need to fertilize the eggs via extent in Xklp1-depleted oocytes that were subsequently rescued by the modified Xklp1 mRNA, than the host transfer method for analysis. Germ plasm aggregation in activated oocytes occurred at a slightly those injected with antisense oligo alone. However, we (A) Xklp1 protein stains germ plasm and is seen as discrete dots concentrated in the germ plasm islands of an unpricked oocyte. The protein is also seen in the surrounding cytoplasm of the vegetal pole.
(B) Xklp1 protein is found in germ plasm that has been aggregating for 2 hr, as well as in the surrounding cytoplasm.
(C) The protein is still found in germ plasm upon complete aggregation (3.5 hr). The concentration of the protein appears less than earlier, but this seems to be due to incomplete antibody penetration in the wholemounts.
(D) Overexpression of Xklp1 mRNA leads to an increase in Xklp1 staining in both the germ plasm and the surrounding region. Scale bars ϭ 25 m.
did not consistently see rescue to the levels of aggregasupports the former model but does not exclude the latter. tion seen in uninjected oocytes. The reason for this is unclear. It may be that it is hard to recreate the correct The klps have recently been grouped into subfamilies, with members of each subfamily having closely related localization of the protein in the timescale of the experiment. The possibility that too much Xklp1 RNA interferes motor domain sequences, some sequence similarity outside the motor domain, and similar cellular functions with normal aggregation is made unlikely by experiments in which Xklp1 mRNA was injected alone and did (Moore and Endow, 1996) . Xklp1 has been included with chicken chromokinesin, Drosophila Klp3A, and murine not appear to affect aggregation.
During cortical rotation in Xenopus, the islands of KIF4 in the chromokinesin subfamily by virtue of its localization to chromosome arms and its predicted function germ plasm rotate with the vegetal mass, being located inside the shear zone created during rotation, but they in chromosome positioning. Here we describe a second and unrelated role for Xklp1 in early Xenopus developmaintain their positions relative to each other (Savage and Danilchik, 1993) . Following rotation, aggregation ment. It is likely that other klps will be found to have more than one function, especially as their roles during begins as islands are coalescing locally as well as moving toward the vegetal pole (Savage and Danilchik, development are further studied. Even within the chromokinesin family, the murine KIF4 has been reported 1993). The use of microtubule inhibitors affects both of these processes (Savage and Danilchik, 1993) . Depleto be localized to both the spindle and membranous vesicles (Sekine et al., 1994) . tion of Xklp1 protein from oocytes seemed to affect local aggregation somewhat and also kept germ plasm from Xklp1 is shown here to have a role in a cytoplasmic localization event in a developing embryo. The methods assembling at the vegetal pole.
We show here that germ plasm is embedded in a used in this study open the way for the identification of other motor proteins involved in developmentally imporcomplex web of microtubules in the vegetal cytoplasm. The network appears unaffected by Xklp1 depletion.
tant events. The ability to see germ plasm aggregation in living embryos, coupled with the ability to interfere This makes it highly unlikely that the effect on germ plasm aggregation was due to a primary effect on the with the function of specific motor proteins, makes the process of cytoplasmic movements in the Xenopus egg microtubules. However, this does not exclude the possibility that the Xklp1 antisense oligo does not somehow and embryo amenable at last to the same level of molecular analysis as other examples of intracellular motility affect the change in the microtubule network that occurs during the aggregation process. This network of microsuch as mitosis or vesicle transport. tubules has no obvious organization, so it is difficult to Experimental Procedures see how directionality of germ plasm aggregation is achieved. The only case where directionality has been
